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In a recent letter to the IBM Journal, Lasher [Ref. 1] gives the

. relation for threshold current in a p-n Jjunction laser as
a-i'i‘ﬂ'zr"‘”’-[a+T+a ] (1)
" o~ T 7 “aier’’
where:
qQ = electronic charge
n' = index of refraction
g d = width of active region
Ay = width of spontaneous emission line
A = wavelength
% a = quantum efficiency
T = pervent of light transmitted through end of laser
f = length of crystal along active region between reflectors
. thffg diffraction loss
Q@ = absorption loss in the active region. ' .

o]

In his calculation, Lasher neglected the effect of ao on the
threshold current because he felt that it was difficult to estimate.
It is possible to include the absorptive effects associated with incom-
; plete population inversion, and it is the purpose of this report to
point out how this absorption should be included. For the case of
recombination through an acceptor level, the rate processes to be in-
cluded are:

T T SN

A. Spontaneous electron recombination on neutral acceptor
1
(vt “n N; n N°+l)
B. Stimulated electron recombination on neutral acceptor

o N
(vt %n N'1‘ n R°+1)
C. Photon absorption by negative acceptor
| N.-n
- C N
t 'n NT Né-no NS
: D. Hole capture on negative acceptor

v, o K p
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E. Hole emission from neutral acceptor

-p -
V¢ %p Ng 51 ﬁ;:s;

where N; and NE
rest of the symbols are defined in Eq. (2). The various rates are ob-
tained by making each process balance the inverse process at thermal
equilibrium. The rate at which the electrons emit photons (Processes

A and B) is taken as proportional to the initial and final states times
N+l. The part proportional to N 1is the stimulated recombination and
the 1 1is spontaneous recombination. The rate of photon absorption
Process C 1s just proportional to the density of photons and initial and
final electron states. Processes D and E are not photon coupled so in-
volve only initial and final states. The net rate of electron recombinae
tion (photon production) is obtained by solving for N; and NE

(neutral and negative trap densities) in the two equations

are the neutrel and negative acceptor densities. The

Ny + Ny = N,
d.No
—_ =0
at

and substituting into the equation

dn
-E‘E=R-G=-A+B-C'

The net rate of recombination becomes

pn M1 _N n
2 N6+1 Nﬁ Nc-n° -Py i
R-G=vVv_o0oO =
tnp ) Ny- N+l Ne-n (2)
v, o_(p+p ( - ) + V0 (n +n - ) 2
tp 1 Erp t n No+1 1 W N.n
where:
Ve = thermal velocity
Un’cp = capture cross sections for electrons and holes respectively
-2- SEL-63-013




R AR AT e

N, = number of traps (acceptors)

n,p = electron and hole densitles

P. = equilibrium electron and hole densities

= electron densities if the ferml level is at the trap level
N = average population of the electromagnetic modes

N = equilibrium electromaegnetic population--the Bose-Einstein
function

NV,NC = effective density of states in the valence and conduction
bands

=}
"

intrinsic electron density.
The net stimulated emission is [Ref. 2]

{ pn o gt NP o ehu/kT} N
e N1

C

2
(R-G)s = Vi,

N.,-p N.-n -
v N+1 N °C
v.o (p+p,) 77— + V. O (n =_— 4+ n, =— -—:——-) (3)

tp 1 Nv P, t™n No+l 1 No NC n,

and the net gain becomes

on - Nc’n WP 2 hw/kr
22 ja Non, Ny, i \
g=—7 T (%)
1
8rn' " qdav pn(N+1) - N NC i2 oI /KT

The gain at infinite current approaches an asymptotic value since N
and j are linearly related [Ref. 3] and is

2
g, = —plE— (5)
8xn'
- {1-R) (1-cos 0) if the photons are reflected at the
V§‘a boundary of the active region
-l if the photons are not reflected but are immediately
! B lost.
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The saturated gain comes about because the photon flux prevents an

arbitrarily large inversion of levels. The saturated gain is larger
if there are no reflections at the boundary of the crystal, since in
this case a greater degree of inversion 1s possible. The gain can be

written as

&
n q(1-R)(1-cos 6) Bﬂn'e g
Neen NyP o oy jkr 2 ©)
s n, € VE“ Ja A

pn -
NC-no N'V~po i

1+

and the threshold relation becomes

pn
dyy = ;
th Neon NyP o /i I/ + Ogi¢r
m - Non —Tﬁ_ ni e 1l - b ————
C o NV o o
8m'2 qay <4 a )] (7)
x -l A e 2 T

It should be noted that Eq. (7) is just Lasher's equation (6) for
threshold current but modified by the factors invol?ing the pn product
and asymptotic gain. Actually, Eq. (7) is still an implicit relation
for threshold current density since the current and the pn product are
related. It does not appear possible to obtain an explicit form for the
threshold current density but a great deal can be learned from the im-
plicit relation. First, the saturated gain at infinite current must
exceed the losses to obtain a laser. The ratio of ahiff/gBo decreases
as the active width increases. Thus a reasonably high-mobility semi-
conductor is required. Also, a population inversion is necessary. If
Fn and Fp are the quasi fermi levels for elections and holes

respectively, then the condition

-l - SEL-63-013
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reduces to Fp-F > w (9)

0 (8)

For band-to-band recombination, the gain relation is identical to the
relation for recombination through an impurity, even though the actual
recombination rate appears to be quite different. Also, if the satur-
ated gain is well in excess of the losses for the least-lossy mode, and
if a population inversion is reached at a current well below the thresh-
old, the threshold relation reduces to Eq. (1) with a = 0. If the
current reaches the value calculated from Eq. (1) with a =0 well
before a population inversion is obtained, then the most important
criterion is that Eq. (9) be satisfied.

As applied specifically to a GaAs p-n junction laser, the require-

ment that pn > ni2

can be written as

exp [hv/kT), which assumes nondegenerate statistics,

o > NN, exp [hu-eg)/kT] (10)

We do not know the magnitude of €g-hv but it is certainly no more
than 50 mv and is probably much less. We start our calculation with
the equation for current in a diode,

3=z (nen), (11)
n

where Tn is the radiative electron~recombination lifetime. If p and
n are approximately equal at the threshold we have

n~ /NCNG" exp [bw-e )/2kT]
) 2
e 2x1018/cm3 (3%6 ¥ exp [(hu-es)/2kT] (12)

We neglect the hole current injected into n material since the lasing
is thought to occur in the p material.
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The value of 7 to be subsituted into EqQ. (11) should be the
lifetime for radiative recombination. A value of lo'8 for ‘Tn seems

reasonable and mey be approximately justified as follows. In an ordinary

GaAs diode operating st T = 300°%, 7 =107 sec is typical. Since
a relatively small amount of light is observed from these diodes, we
conclude that the 10'9-sec lifetime is due to nonradlative recombina-
tion processes, and that the lifetime for radiative processes must be
lO"8 sec or greater. We further suppose that cooling the crystal
increases the nonradiative lifetime but does not affect the radiative
lifetime. Hence, at liquid nitrogen or liquid helium temperatures, the
radiative lifetime 1s the short one, and this determines the current.

With the aid of these approximations, Eq. (11) may be evaluated
as follows:

3/2
)

7=z 3.2x10" .(-3%5 exp [(w-¢ )/2kr] emp/cm®.  (13)

This equation gives J = 3.2x10°amp/em® at T = 300%K; J = 4.2x103
amp/cm2 at T =77°K; and J = L8 amp/cm2 at T = 4°K when

Eg-hv << XT and «a =1. These values compare favorably with
threshold-current densities. Since the value of d has been taken
from a laser that operates at liquid-nitrogen temperatures, we expect
the starting current to be most nearly correct there. Also, at liquid-
helium temperature, population inversicn is reached well before the
threshold so tnat Eq. (1) with @ =0 gives the correct value.

At room temperature, the quantum efficiency «a 1is considerably less
than unity so the threshold is increased. The results of calculations

and observations are listed below:

Calculation Observed Conditions
(3.2x10%) (0=l e ) 10° [Ref. 4] T = 300%K
b.2x107 (asd, hw=e ) 8x10°  [Ref. 5] T = 77K
830 (as calculated by 700 (Ref. 6] T = 4.2%
Lasher [Ref. 1]) 80 [Ref. 7] T = 2%
-6 SEL-63-013




The sgreement is somewhat fortuitous since at 300°K the quantum
efficiency is certainly less than unity. This discrepancy may be offset
by having Gg-hv > 0. For the helium-temperature calculation, too
little is known about capture cross sections to be confident of the
lifetime values to use, and hence the width 4 of the active region is
open to considerable question.
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Purdue University
Ksctrical Engineering Dept.
lafayette, Indiana

1 Attns  Library

Rensselaer Polytechnic Institute
Libeary--Serials Dept.
1 Troy, New York

University of Rochesier
Gavett Hall
River Campus Station
Rochescer 20, New York

1 Attn: Dr. Gerald H. Cohen

Stanford Research Institute
Menlo Fark, Californis

1 Attne kuml Reports 0-037
Stanford Reseerch Institute
Computer Laborstory
Menlo Park, California

1 Attn: H.Ds Crane
Syrscuse University
Dept« of Klec. Bngre
Syracuse 10, New York

1 Astar Dr. mnr ord Goldman

Univeraity of Ternesses
Dept. of K.B.
Perris Hall

1 Kknoxville, Tennseses

Texss Techuologieal College

labbook, Tenas

1 Attn:  Director, Instisute of
Solence N
Offioe of Dean of Engr.
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University of Utah
tios] Enginesring Dept-

Eleo
8alt lake City, Utsh
1 Attn: Richard W. Orow

villanova University
Dept. of Klec. tngr.
Villanova, remneylvanis
1 Atta: “homss C. Gebrisle
Assisrant Frofsssor

University of Virginia
Charlottesville, Virginia
1 Attns  J.Co Bylie, Aldeymsn Librevy

Wayne State University
Detroit, Michigan
1 Attn:  FProf. Harry He Josselson
Dept. of Slavic Languages

Engineering library

Yale University

New Haven, Connmoticut
1 Sloans Prysics lab.
4 Dept. of Rlectrical Engineering
1 Dunham Lab.

IRDUSTRY

Admiral Corporation
3800 Cortland Street
Chicago 47, Illincie
1 Attn: XN, loberson, Litrarian

Alrborne Instruments Lab.
Comac Hoad
peer Park, L.I., lew lork
1 Attn: Johu Dyer, Vice President
and Tech. Director

Aaperex Corporation
230 Duffy Ave.
Hicksville, L.I., New York
1 Attu: S. Barbasso, Pro). Eng.

Auerbach Corp.
163k Arch St.
1 Philadelphis 3, Pa.

Autonetics
Div. of No. American Aviation
9150 E. Imperial Highway
Downey, Calif.

brary 30L0-3

27
1 Attas  Tech.
Bell Telephons Laboratories

1 attn: Dr. J.R. Plerce
1 Attn: Dr. S. Darlington
A.J. Orossmann

Electron Tube and Transistor
Development

1 Attn:  Dr. M. Sparks

1 Attns  A.J. Morton

1 Attas Dr. R.M. Kyder

tion
Ressurch labs. Division
Southfield (Detroit), Mich.
1 Attn: AG. o

Benson-lehner .
w78 Oluternlc:rgt.

Van Nuys, Calif
1 Attar eorgs Aysn

Bomac Laboratories, Inc.

Beverly, Mass.
1 Attns  Research Litwrary

8 Distr. Lisy h-6?
b

a Radistion Lub.
838 W. 120th St.
1 Now York, NeY.

Convair-San Diego
A Div, of Gen. Dynamics Corp.
San Diego 12, Calif.
1 Attn:  Engr. Librery
Mail Zone 6-157

6u01
1 Morton Grove, Illinois

Cornsll Aeronautical lLab.
LSS Genesses St.
Buffalo 21, New York

1 Attus  D.Ke Plumser

2 Attn: Library

Bitel-NeCullough, Inc.
301 Industrial ¥y
San Carlos, California
1 Attn: Reseurch Librarian
1 Attn: W.R. lustke

Electro-Optical Instrumsuts, 1nc.
125 K. Vinedo

Pagadena, Calif.

Attn: 1. Weiman

-

Pairchild Semiconductor Corp.
LOO1 Junipero Serra Blwd.
Palo Alto, Callf.

Attn:  Dr,. V.M, Orindch

-

General klectric

Defense klectronics Div., = LMED
Cornell University

Ithaca, hewlark

Attng sibrary

-

Asronauticul Systems Div.
Wright-Fatterson AFB, Ohio
Atts: WCIGL-L

Donald B. Lewls

Qeneral Electric IWT Product Sec.
601 Calif. Ave.

Palo Alto, Calif.

Attn: C.0, lob

Attn: Tech. Library

s

General Electric Co.
Ressarch lab.
P.0. Box 1088
Schenectady, R.1.
1 Attms Dr. Prilip N. Lewis
1 Attn: V.L. Newhouse
Applied Puys.

General Electric Co.
Klectronics Park - Bldg. 3, Rm. lO-1
Syracuse, N.Y.
1 Attn: Documsnts Librarian
{Yolanda Burke)

Osnsral Rlectric Co.
Schetectady 5, NeYe

1 Attns Library, L.N.E. Dept.
Bldg. 26—501

General Telephorw and Elsctroulcs
labe., Inc.
Baysids 60, K.Y.
1 Attn: louis R. Bloom
0ilfillan Brothers

Los Angeles, Calif.
1 Attn: Engineering litesry

Goddard Space Flight Center
Code 611
1 Greenbelt, M,

The Mallierafters Co.
Sth and Kootzer Ave.
) Chicago 2k, Illinois

Nershaw Chemical Co.

194S K. 9Tt 8t.
Claveland 6, Chio

1 Attas . FaA. Shirland

Nowdot!
1501 Page M1l Rd.
1 Palo Alto, Calif.

Noffwan Electronics Corp.
Semi conductor Div.
1001 Avden Dr.

Monte, Califs
1 Attns P, Russel, Tech. Dir.

Hughes Airaraft Co.
Florence st Teale 5t.
Culver Clty, c':n:.

Hughes Alrcraft Co.
Semiconductor Division
P.O¢ Box 278
Newport Beach, Calif.
1 Attn: Library
1 Attn: Dre E.L. Steels

Hughes Aircraft Co.
Bldg., 60L, Mail Station C~213
fullerton, Calif.
1 Attn: Mr. A. Eschuer, Jr.
Qround Systens Group

Hughes Aircraft Co.
3011 Malibu Canyon Kd.
Maliba, Calif.
1 Attn: Mr. HeA. lams, Bes. Labd,

Internstional Businsss Machines
Product Development lab.
Poughkespeie, N.Y.

1 Attn: E.M. Davis - (Dept. 362)

Internationsl Business Machines
Data Systems Division
Box )90, Boardman Road
Poughkeepeie, New York

1 Attn: J.C. logus

IBM Ressarch Litwrary
Box 218

1 Yorktown Heights, New York
International Business Machines

San Jose, Californis
1 Attas Mmjoris Griffin

Yutley, New Jorsey
1 Atens librarisn, Mr. Ellis Mownt

lab 'y for Klect o8, Inc.
1079 Commonwealth Averue
Boston 15, Massachuseits

1 Attn: Dr. He Mller
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laborstory for Elsctronics, Inc.
1075 Commonwealth Ave.
Boston 15, Maasachusetts

1 Attnt librery

LEL, Ino.

75 Maron Strest

Coplagus, uu Island, hew York
1 Attn: kobert 8. Mautner

Leniurt Klectric Company
8San Carios, Califoruis
1 Attns  M.L. Saller, librarian

Librascops, Division of
General Precision, Inc.
808 Weatera Avenus
Glsndale, 1, California

1 Attn: Enginsaring Library

{ockheed Missile and Spaoce Co.
Dept. 67-33, Kdg. 324

P.0. Do 50k

Sunnyvals, California
1 Attn: O.W. Price

Lockheed Missile snd Speocs Co.
Dept. 67-3%, Bldg. 520
PsOs Bexx

8

Sumnyvals, ifornia
1 Asta: Dr. W.N. Barris, Devit.
Planning Staff

Lockiwed Missils Syst Co.
Sunnyvale, Californis
1 Attn: Technical Information Ctr.
50-1

Lockhwed Missile and Space Go
Palo Alto, California
1 Attn: M.K. Browne - Dept. 52-L0
Bdg. 202

t Aircraft Corporation
16;;5 Saticoy Ste

P.0. Box 2013, - South Annex
Van Nuys, California
1 Attn: Dr. Basun
Ressaroh Sclentist

Mauchley Associates
50 B. Butler
1 Amplar, Pennsylvanis

Melpar, Incorporsted
Applied Science Division
3000 Arlington Bivd.
Palls Church, Va.

1 Attn: Librarian

Mioro State Kleoctronics Corp.
1 Attn: A.L. Kestenbaum
. 152 Floral Ave.

iurray Hill, New Jersey

_Microwave Assod., Inc,
Yorth West Industrial
Burlington, Mss.

1 Attns  Dr. Kenneth Mortenson

Nicrowave Rlsotronics Corporation
LO61 Transport St.
Palo Alto, California

1 Mtn: Stanley 7. Kaiesl

1 Attt M.Ce long

1Attas e Bbwerd Orben Mg,
Inerganic Development

Pooenix,
1 Attas  Dr. A. Lesk
1 Attat  Peter B. Myers

Tech. Info. Analywt

National Biomadical Lust.
8600 16th St.
Silver Spring, M.

1 Attn: Dr. a.S. ledley

1 Attns II.Q. hiorth

Pkuoo Carp.
Tech. Rep. Div.
P.0. Box L4730

Philadelphia ﬁ. Permsylvania
1 Attn: FuKe Mgr. Rditor

Phile> Tech. Rep. Div.
NH{TH

Pilco o

Lansdals Division

Charch Roed

lansdale, Pa.
1 Attns Joha R. Gorden

Philco Sciemtific Lab.
Blue Bell, Pennsylvania
1 Atta: Dr. J.R. Peldmeler, Assoc.
Dir. of Research
1 Aten: C.V.
1 Attns C.T. McCay, Mes. Advisor

Polarsd Electrouics Corp.

Sonnenschein
Ass't. to the President

RCA laboratories

Princeton, New Jjereey
1 Attns  Rarwick Johnson
1 Atwat  Dr. W.M. Vebster

RCA

Bldg., 108-134

Wworestom, New Jersey
1 Attnt  H.J. Sohrader

The Rend Corp.

Samta
1 Attns  Lib., m J. Nsldron

The Rand Corp.
1700 Main St.
Sanka Monies, Oalif.
1 Attns Ow Sciences Dept.
willie E. Vare

1ow Angsles
1attas Hideo Mord

Maytheon Compeny
Morowave smd Fower Tube Div.
Sperwer

Burlingion, Nase.

1 ASws  liwerien

nse.
1 Attar Dr. Nerman State
) Attnt Librarian

Naltham, Wss.

1 Atta: Dr. H. SoharDman
Roger White Electron Devices, Inc.
Tall Osks Koad

Laural Ledges
1 Stamford, Comm.

Space Teclmology laboratories, Inc.
One Space Park
Redondo Beach, Calif.
2 Astns  Tech. lib.
Documsnt Aoquisitions.

Redondo Beach, .

1 Attn:  Rasy Fo Kingsley
Spaoce Techuology labs., Inc,
Physical Research Lab.

P.0. Box
Los Angsles 45, Califormia
1 Attns  D. Fiadlein

Sperry Gyroscore Company
Div. of Sperry Rand Corp.
Oreat Neok, lew York
1 Attns leoamrd Swern (M.S. 3T105)

Sperry Microwave klectronics Co.
Clearwster, Florida
1 Atta: Jolm B. Pippin,
« Section Head.

Sperry Klectron Tube Div.
Sperry kand Corp.
1 Gainesville, Florida

Commanding Officer
U.8. Aray Klsctronics Res. Unit
P.O. Box 205

1 Mousntain View, Ca'l€.

Sylvania Electr..s . Systea
%altims laborstories
100 First Ave.
%althan 5, Mass.
1 Attn: Librarian
1 attne M. Errest B Hollis

Technical Research Oroup
1 Syosset, Long Island, New York

Texas Instruments Incorporated - .
Apparstus Div.
P.0. Box 6005
Dallas 22, Texas
1 Attnt MN.E. Chun
Texas Instrumsats, Inc.
PeO. Box 5002
Dallas 22, Texas
P adnb.mm Components

1 Attar Dr. R.L. Pritohard
1 Attns Dr. Tillis A. Adoook, Mgre
Integreted Cirouits

Compacwnts Dive
Texas Instrumnts Imwxﬂ
Corporates RKessarch end neering

Servios
Torbm A -
1 Dallas 22, Twnas

Dive

8 Datr. Lias kedd
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Advisory Oroup ob Reliability of

fextronix, Inc.
'w'a. s ”nw office, Asst °m of Deforse
o Joan Pll'\hpu. 4
L Attus Dre Fo Delord ﬂﬂ. W
pir, of Fesearch 1 Sash. 25 N
Transitren W. o . The Martin Company
bl Addison 8¢, Gorp P.0. Box 5837
Rast Boston, Mase. Orlando, Floride
1 Attns  Dr. HoO. Budenberg 1 Attnt  Engineering Lilvary
» R and D M.F. 0

Palo Alto, Calif.
1 Attns  Tech. Libe

Westinghouse Elsctrioc Corp.
Friendship Interrational Airport
Box 7h6, Baltimore 3, Md.
1 Attns G. Ross Kilgore, Mgr.
Applied Research Dept.
Baltimare Laborastory

Weetinghouse Rlsctric Corp.
Road

DBeulah
Pittsburgh 35, Pennaylvanis
1 Atén:  Dre G.C. Seiklad

Boulah

Pittsburgh 35, Pensylwnis
1 Attn1 J.G. Castle, Jr. - hOL-1BS
1Attas Solid State Dept.
1 Attn: K.E. Davis

Westinghouss Electric Corp.
Metuchen, New Jersey
1 Attn: M.J. Hellstrom, Supervisor
Advanced Development Lab.

Zenith Radio Corporation
6001 Dickens Ave.
Chicago 39, Illinois

1 Attn: Joseph Markin

APSC Liaison Office
s Angsles Ares
1 Attm 2/001. Ao Konkel
3.

Hqe USA? (AFRDR-O~3)
The Pentagon
1 Attns M. Harry Mulkey
Room LD 335

Wash. 25, D.C.

Alr Porce Systems Commend
Scientific & Tech. Lisison Office
111 K. 16th St.

1 New York 23, New York

School of Aerospace Medicine
USAF Aerospsce Medical Div. (AFSC)
1 Attn: SMAP
Brooks AYD, Texas

Commanding General
USARLRDL
1 Atta: Technioal Documents Center
Svans Signal lab Ares,
RNdg. 27
Ft. Normouth, New Jersey

Commander
Army Ballistic Missile Agoncy
ORDAB-DOC

1 Attm
Hedstone Arssmal, Alsbems
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FOREI(: KECIFIENTS

1 Northern Electric Co., Ltd.
Res. ¢ ! Dovit Labs
'P.O. Lier: 3511, Statioa "C*
*7ottaw, CANADI

RCA, smafs Cozue Div,
Front aid Marke- Sts., DBldg- 17-C-6
Camden, w.J.
1 Attn: Y. X. ¥iller, Mgr.
Hinutezan Proj.

Central l'lectronics Engineering
Researcl: Instituts

« Pilari, Rajasthan, Iniia

1 Attn: (m F. Gandhi

'n. ™ »etty of Ottawa

fept. o Eloctricel rngi.sTing
we (Ltava !, CANAZA
1 4t4a  14.S. Glinsky

1 1r. 3idasy V. Soanes
t.esearca Dept.
Jerranti-Packard Elsctric, Ltd.
I ndustry St.

#+lcruato 15, CANADA Ontario

1 :tr. lleicki Ihantola
"istars Electronics laboratory
se i} lumencatu 17, Helsinki, Finlarnd

1 Pros’. Jose M. Borrego
Jen',ro ie Investigucion Y de Estudios
.vaiades Del Instituto Politecnico
National
- Apartado Postal
ssjexico 1k, D.F.

= OKR Lh Reports (KLY
»3]¢ on AF 26 Reporte, oust be sent
Vii: ASD, Foreign LeJease Office
(A3YF)
irigh*.~Patterson iFB, Chio
fttn: or. J. Troyan



